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1. Foreword: Materials as Dynamic Systems

A "systems" view of materials as hierarchical structures with properties governed by
dynamic evolution in processing and in service was expounded by the late C. S. Smith [1]. This
viewpoint has been developed into a general strategy for the rational design of complex
materials, pioneered by the multi-institutional Steel Research Group (SRG) program centered at
Northwestern University [2-4], with successful application in high toughness ultrahigh-strength
alloy steels [S). This view of a secondary-hardening martensitic alloy steel as a system is
summarized in Figure 1 [2], depicting the hierarchy of microstructural subsystems controlling the
required set of properties for desired performance, and the sequential processing subsystems
which in turn control structure. Using this approach to focus basic research on key
process/structure and structure/property relations, quantitative microstructural objectives have
been expressed in thermodynamic terms (including scaling factors governing dynamic
evolution), and the THERMOCALC thermochemical database and software system [6] has then
been applied to the prediction of unique multicomponent alloy compositions capable of
achieving desired multiphase microstructures under prescribed processing conditions. The
successful application of this approach in ultrahigh strength steels has made possible the teaching
of an undergraduate course in Materials Design [4], and the extension of thermodynamics-based
systems design to ceramics and polymers is now being actively explored within the Department
of Materials Science and Engineering at Northwestern [7].

The research described here has extended the SRG systems design approach with an
increased emphasis on dynamic microstructures to establish fundamental principles supporting
rational design of programmed multilevel structures achieving new combinations of properties.
The research has focussed on transformation toughened secondary hardening martensites
achieving novel strength/toughness combinations through control of coherent precipitation
phenomena during processing, combined with tuned-stability crack-tip transformation plasticity
to control fine-scale strain localization processes during fracture in service.

The research goals respond to performance needs specific to Army applications, which
constitute some of the most severe requirements for high performance ferrous alloys. The
martensitic ultrahigh strength steels show promise for a new generation of shatter-resistant
ultrahard armor steels offering a new level of Vs ballistic penetration resistance with greatly
improved resistance to plastic shear localization. The attendant reduction of required areal
density for ballistic protection would be of particular interest for Army aircraft systems; such
steels would offer advantages for ballistically tolerant structural components as well. Employing
surface hardening by high temperature carburizing and/or lower temperature plasma nitriding
during secondary hardening, these steels also offer potential for a new generation of higher
power density gear systems exploiting the greatly increased fatigue strength of higher case
hardness levels as well as the greater thermal stability of secondary hardening steels to allow
both lighter weight gears and higher gear system operating temperatures desired for helicopter
transmission systems.

Reprints of papers describing the SRG program (3], an overview of the scientific basis of
our approach [2], and a description of the SRG-based Materials Design course [4] are attached as
Appendices A, B and C. Papers describing clasticity calculations relevant to coherent
precipitation [8-10], including particle self energies [8] and dislocation interaction energies (9],
are attached as Appendices D, E and F. Appendix G [11] presents a thorough experimental study
of carbide precipitation in the co: nercial AF1410 steel with theoretical analysis based on
Appendices D and E. A theory o: precipitate coarsening rate constants for multicomponent
systems [12] is presented in Appendix H.
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AF1410
SRG2
SRG3
SRG4
Aermet100
MTLI1
MTL2
MTL3

(

0.16
0.24
0.24
0.24
0.24
0.21
0.30
0.30

Co

142
16.0
16.1
16.1
135
12.5
13.5
144

Table 1. Alloy Steel Compositions (wt.pct.)

N

10.1
50
50
5.0
11.0
10.1
10.6
10.8

E

Ptk b et et N o bt

2.1

0.7
1.4
3.0
2.9
30
29



2. Research Objectives

While quantitative property objectives are important to obtain sufficient focus of basic
research coordinated within a systems design framework, the primary objectives of this research
effort are the fundamental principles and basic data necessary to support rational design. This
includes the principles of microstructural evolution during coherent carbide precipitation for
efficient strengthening without embrittlement and the control of metastable austenite
precipitation for transformation toughening with optimal transformation stability and dilatancy.
The research emphasizes the dynamics of microstructural evolution in both processing and
service.

Specific property targets guiding the conceptual design of prototype materials for
evaluation are a hardness level of R:55-58 for the secondary hardening martensitic steels with
K fracture toughness of 80-120 ksivin . This would ensure adequate critical flaw size at yield
for armor steel applications as well as a suitable core material for high performance gear steels.

3. Summary of Results
3.1 Efficient Strengthening: Autocatalytic Coherent Precipitation

Our first dynamic problem of interest in the secondary hardening martensitic steels
represented by Figure 1 is the evolution of coherent carbide precipitation during the final stage of
processing. Here the goal is to achieve desired strength with the minimum necessary alley
carbon content and without introducing unnecessary embrittling constituents. Theory and
experiment has addressed M,C alloy carbide precipitation in the series of high Co alloy steel
compositions listed in Table 1. The doctoral thesis of Dr. Jonathan Montgomery (App. G [11])
focussed on the commercial AF1410 steel and included the higher strength experimental
compositions SRG 2, 3, and 4 with variations in Cr/Mo ratio. Consistent with predictions of
models derived from study of these alloys, Carpenter Steel developed the commercial Aermet 00
alloy which successfully extended the behavior of AF1410 to higher strength levels. The
MTL1,2,3 compositions represent prototype armor steel compositions which we designed under
a one-year contract from the Materials Directorate of ARL (formerly MTL) based on results of
our ARO sponsored research. The MTL1 prototype successfully matches the strength/toughness
combinations of Aermet100 employing significantly lower carbon content.

As first shown by the work of Speich [13] the high toughness of these Co steels derives
from their resistance to overaging such that high strength can be maintained at completion of
M,C carbide precipitation, allowing full dissolution of the transient cementite that otherwise
limits fracture toughness. A typical toughness/hardness trajectory during secondary hardening
(at 480C) is shown in Figure 2 for the MTL1 prototype armor steel. The best strength-toughness
combination is obtained in a slightly overaged condition providing cementite dissolution without
excessive coarsening of the M, C carbide strengthening dispersion. The "X" in Figure 2 shows
the toughness-hardness combination achieved with optimal 1125C solution treatment and an 8 hr
temper in the higher carbon MTL2 and MTL3 compositions. Preliminary testing at ARL has
demonstrated excellent ballistic properties.

Strength in the overaged condition is controlled by the Orowan dislocation bypass
mechanism [14] where increased strength (for a given alloy carbon content) can be achieved by
refining the carbide particle size to reduce interparticle spacing. The fine carbide sizes achieved
in these steels derive in part from their heterogeneous nucleation on dislocations retained during
tempering as a result of an unusually high recovery resistance associated with Co short range
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order [2]. The thorough electron microscopy stdy of M,C precipitation in AF1410 by
Montgomery [11] coordinated with small angle neutron scattering (SANS) measurements by
Weertman and coworkers [15] under the SRG program, demonstrated that the fine carbide size is
also promoted by precipitation at high supersaturations where, as predicted by Langer and
Schwartz [16] and developed further by Kampman and Wagner [17], competition between
nucleation and coarsening maintains an average particle size near the critical nucleus size as
supersaturation drops, thus suppressing the classical “growth" stage of precipitation. The SANS
data further revealed a surprising additional contribution to particle size refinement depicted by
the measured size distributions for tempering at 1 hr and 2 hr at 510C as shown in Figure 3.
After 1 hr, where precipitation is half complete and nucleation has ceased due to reduced
supersaturation, a seco.d stage of nucleation occurs, greatly increasing the particle number
density and reducing the average particle size measured after 2 hr. This second nucleation stage
is an important contribution to the softening resistance responsible for the high strength
maintained by AF1410 in the high toughness overaged state. Theoretical work in our ARO-
sponsored research has focussed on the fundamental basis of these phenomena promoting
particle refinement for efficient strengthening in these steels.

In the high supersaturation regime, the Langer-Schwartz theory predicts two primary
scaling factors governing the evolution of the particle size distribution. One is a diffusion time
factor which can be deduced from the coarsening rate constant, and another is the initial critical
nucleus size setting the length scale. To predict a coarsening rate constant for multicomponent
systems, our earlier studies [18)] under the SRG program employed a simple model proposed by
Hillert and coworkers [19]. Under our ARO-sponsored work, Kuehmann and Voorhees [20}
developed a more rigorous treatment of ternary systems, and more recently Research Associate
Alex Umantsev has derived a general coarsening rate constant for multicomponent systems:

P-1, =Kt

where u are chemical potentials in the o matrix phase, Xeq are matrix equilibrium solute
concentrations, k; are solute partitioning ratios, and Dj the solute diffusivities. The theory is
described in Appendxx H [12] and is now being tested against our AF1410 data and recent SANS
da:a obtained on the SRG 2, 3, and 4 alloys of Table 1.

Before discussing our continuing research on the factors governing particle length scales,
we note that, as depicted in Figure 1, the solution treatment prior to tempering exerts an
important influence not only on the initial matrix composition, but also (along with deoxidation,
solidification, and hot working conditions) on the nature of the grain refining dispersion that
influences the microvoid nucleation resistance governing fracture toughness. The latter has been
an important component of our prior SRG research [21-23] and under our ARO-supported effort
Graduate Fellow C. Kuehmann has focussed on the optimization of solution treatment to control
this important component of microstructure. In both the commercial Aermet100 alloy and the
MTL1 prototype alloy extensive extraction replica electron microscopy has revealed the
conditions for dissolution of Cr-Mo carbides while retaining fine (Ti, Mo)C carbides (introduced
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via melt deoxidation practice) which previous work has shown to possess the best interfacial
strength for microvoid nucleation resistance [2]. Fracture toughness has been correlated with the
solution treatment employing a 200C stage I temper condition to avoid cross interactions with
secondary hardening behavior. In this way multi-step heat treatments are developed by
sequential optimization of each processing step, focusing on the primary microstructural role of
each step within the structural hierarchy of Figure 1. The toughness-hardness trajectory for
increasing solution temperature in Aermet 100 is summarized in Figure 4, showing an optimum
condition near 900C.

An area of continuing interest in our research is the control of the carbide initial critical
nucleus size which sets the primary length scale during precipitation strengthening. This size 1s
inversely proportional to the thermodynamic driving force for precipitation which can be
estimated employing the THERMOCALC thermochemical database and software system.
However, measured carbide lattice parameters [11] and carbide compositions determined by
atom-probe field-ion microanalysis (APFIM) [24] suggest that precipitation initiates in a
coherent state and so it is necessary to employ coherent thermodynamics to estimate the
precipitation driving forces. Under ARO support we have applied linear elastic estimates
described in Appendices D, E and F [8-10]as an upper bound to the elastic self energy associated
with the large coherency strains operating in this system. Incorporating the composition
dependence of the M, C carbide lattice parameters, the carbide self energy has bec 1 combined
with the available chemical thermodynamics to treat the thermodynamics of coherent M,C
precipitation. Reasonable agreement is obtained with precipitation composition trajectories
measured in AF1410 and the SRG 2, 3, and 4 alloys when the linear elastic self energy is
corrected by a factor of 1/4 to 1/2. Given the significance of the coherent thermodynamics in
controlling the strengthening dispersion length scale, we will further refine our theoretical
estimates of the carbide elastic self energy in continuing research.

A more stringent test of coherent thermodynamics can be sought from the predicted
inhomogeneous nature of the solute distribution in the elastic field of a coherent precipitate.
Generalizing the "open system elastic constant” method of Larché and Cahn [25] we have
calculated the solute distribution around coherent M, C carbides in AF1410 steel as described in
Appendix D {8]. An atomic resolution test of such predictions has recently been made possible
by the development of a Position-Sensitive Atom-Probe (PoSAP) at Oxford University [26] and
a preliminary experiment run on an AF1410 specimen has provided three dimensional Cr
distributions. In future work we will apply our theory to the prediction of model alloy
compositions for enhanced solute distributions measurable by the PoOSAP technique.

Employing our current level of approximation in estimating the elastic self energy, we
have also examined in detail the elastic interaction of a coherent carbide in AF1410 with a
dislocation, as described in Appendix E [9], in order to explore the heterogeneous nucleation that
initiates precipitation during tempering. Using a reasonable coherent interfacial energy of 0.1
J/m?, good agreement is obtained with the observed critical nucleus size and necessary
nucleation barrier height to account for observed nucleation [11]. Nucleation on dislocations can
not, however, account for the second stage of nucleation occurring after half completion of
precipitation as depicted in Figure 3. This preblem has been addressed by Research Assistant R.-
H. Liarng who has examined the possibility of autocatalytic nucleation in the stress field of the
first-generation coherent carbides once the average size reaches a critical level. Liamng's
calculations show that the interaction energy density in the elastic field of an average-size
carbide a* | hr tempering is four times that of a dislocation, and more than sufficient to provide
barrierless nucleation of a second generation of particles. The recent SANS data suggest that the
second stage of nucleation also occurs in the SRG 2, 3, and 4 compositions, but not as strongly as
in AF1410. Such autocatalytic nucleation is an important source of strengthening in the high
toughness overaged microstructures.
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Our current models of coherent precipitation predict that small V additions should be
particularly effective in improving strengthening efficiency in these alloys. As described in
Appendix C [4], this has been incorporated in the conceptual design of a R.60 stainless matrix
bearing steel which was evaluated under a NASA grant, demonstrating a doubling of K¢
toughness compared to conventional bearing steels. In this way principles established in AF1410
at a hardness level of R 48 were directly applied at R. 60, achieving this hardness with a carbon
content of only 0.30 wt pct. The effectiveness of V is also supported by the strength achieved in
the MTL prototype alloys represented in Figure 2.

3.2 Adaptive Microstructures: Dispersed-Phase Transformation Toughening

The best examples so far of adaptive microstructures achieving programmed
microstructural evolution in service are based on the exploitation of transformation plasticity
associated with mechanically-induced martensitic transformations. The most well known
examples are the TRIP steels [27] demonstrating enhanced ductility at ultrahigh strength levels,
and more recently the transformation toughened ZrO, ceramics [28]. The concept of
programming a change of crystal structure as an adaptive response represents a new level of
sophistication in engineering materials.

Under a DOE-sponsored effort within the SRG program, we have examined the
quantitative roles of phase stability and transformation dilatancy as key variables governing the
efficiency of transformation toughening in ultrahigh-strength steels, using precipitation-
strengthened austenitic steels as model systems. Figure 5 summarizes the Jic toughness
measured in two series of 200ksi yield strength alloys, employing a thermodynamic free-energy
parameter to represent the phase stability [29,30]. Relative to the dashed line denoting the
toughness of stable austenite, it is seen that an optimal stability with respect to strain-induced
martensitic transformation gives a factor of 7 increase in Jic toughness. Additional studies
employing variations in transformation volume change or dilatancy show further that the
toughening scales with the third power of the dilatancy [2,31]. Detailed metallographic
examination of sectioned crack tips reveals a strong interaction of strain-induced transformation
in delaying processes of plastic shear localization in ductile fracture. Application of recent
transformation plasticity constitutive models [32] in finite element simulations of crack tip
plasticity [33] reveals the toughening role of pressure-sensitive strain hardening associated with
the pressure dependence of transformation kinetics arising from the transformation volume
change. Optimal transformation toughening thus involves a tuning of phase stability and
transformation dilatancy for adaptive response to the specific stress state of a plastic crack tip.
Our ability to control phase stability is further enhanced by a new martensite kinetc model
addressing solid solution strengthening effects in interfacial mobility governing the composition
dependence of the critical thermodynamic driving force for martensitic nucleation [34].

Under ARO support, we have examined the exploitation of this toughening phenomenon
in ultrahigh strength martensitic steels, employing a dispersion of metastable austenite particles
as represented by the fourth microstructural subsystem in Figure 1. As denoted in the Figure, the
roles of dilatancy and the composition dependence of stability carry over from the bulk austenitic
alloys, but additional important variables in dispersed-phase systems are the amount (phase
fraction) of austenite and a strong role of particle size on stability through the statistical nature of
heterogeneous nucleation [35). Achieving the very high levels of austenite stability required for
optimal toughening at ultrahigh strength levels demands both particle size refinement and strong
compositional enrichment. In contrast to the more conventional retained austenite produced
during quenching from the solution treatment temperature, the latter compositional enrichment is
made possible in secondary hardening steels via the formation of precipitated austenite during
tempering, as also denoted in Figure 1. In our earlier work on the commercial AF1410 steel {36],
we demonstrated that a two-step tempering treatment , in which a short-time higher temperature
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austenite nucleation step precedes final tempering to complete carbide precipitation, gives a
toughening response similar to that in Figure 5 when toughness is expressed as a function of
austenite precipitation time. For optimal precipitation conditions, the increased toughness
obtained is represented by the band denoted AF1410-TT (for Transformation Toughened) in the
toughness-hardness plot of Figure 6. Also shown is the band of properties obtained for the
commercial Aermet100 alloy and our lower-carbon MTL1 prototype alloy of Figure 2, without
exploiting the phenomenon of precipitated austenite transformation toughening.
Thermodynamic calculations employing the THERMOCALC software and database predict that
optimal precxpltatcd austenite stabxllty levels should be similarly achievable in these alloy
compositions. The "objectives" box in Figure 6 represents the properties we believe can be
achieved by a combination of further strengthening (through the refinements of coherent carbide
precipitation discussed earlier) and full exploitation of precipitated-austenite transformation
toughening. The dashed lines bounding the objectives denote acceptable levels of critical flaw
size at yield. Such properties would represent a significant advance in the useable strength levels
of steels for high performance structural applications.

As a step toward achieving such property combinations, Graduate Fellow Charles Kuehmann
has tested the levels of transformation toughening achievable in the Aermet100 alloy.
Employing solution treatment conditions based on the optimization study of Figure 4, the
toughness-hardness trajectory during 2-step tempering is measured using an improved geometry
compact-tension Jic specimen, and precipitated austenite content is monitored by magnetometry.
Results are presented in Figure 7, expressing toughness as Kjc. The open data points represent
the toughness-hardness trajectory for 482C isothermal (1-step) tempering, similar to the upper
branch of Figure 2. The solid points depict the properties achieved when the standard 482C-5h
temper is preceded by an austenite precipitation step at 582C or 532C for times in minutes
denoted in the Figure. The 2-step treatments are seen to follow a higher toughness curve
compared to the standard 1-step treatments, attributed to improved stability of precipitated
austenite. However, the toughening increment is not as large as indicated by the preliminary
AF1410-TT experiments shown in Fig. 6. Further, compared to the behavior of AF1410, the 2-
step treatments in Aermet 100 cause excessive overaging of the carbide dispersion with an
associated loss of strength. Similar results were obtained in the MTL1 prototype armor steel
composition. Exploitation of precipitated-austenite transformation toughening in these alloys
will require precise control of the relative rate constants of austenite and carbide precipitation to
achieve desired austenite stability without excessive carbide coarsening. The new coarsening
rate theory of Appendix H [12] will aid the design of the required alloy compositions.

Future research will explore the synthesis of composite structures through powder processing
in order to exploit transformation toughing without requiring austenite precipitation.




o SRR At

S[23S ITLLN sdAiniud pue 0011PULAY padojaaap
A1u3dar ay) pue (LL-OLY14V) 01 b1V Paudy3noy-uonenwojsues 1mdop

SPUEQ Y1e(] “(spurq ahiym) $13s [Btaraunuo) 10y SSaupiey >y sA ssauydno Ay ‘9 a10di.q
Yy
SSINAYVH
S99 09 GG 0s St
E | | | 0
N ' L4 2 0S
........ N
n |
jueisyoy =2e | 0oL
\ | UIA 15
- ol
SIAILLO3rgO 1L ) A
c L RETTEYY —0s1
OolpLd
= ~-002
1l-0LvLdy
] 1 1 0S2Z




‘1adwar 1yg D78y prepuels £q pamojjo) s 10
DTS 18 sqanuiw ut palediput sawn Joy Juuadway dais-z yum Hzyp 1e duuadwal

dais- reussagiost Suredwion ()| 19uLdy J0J ss3upiey Oy 'sa ssauydnoy Ay " d1ndig
°Y ssaupieH

9S 14°] [4°] 0S 8v 9y 14%

T ¥ T ~ T T «:\‘ﬂl‘q T - «J\IJ R SR G ﬂlnqlqd‘ T= A—IJ\|‘~I(4 =
| dUE

r L 028y |
R bwa%m 1 i
| abey |
[ ius yr > |
L |
I Wg 49} ]
- 1
N wgGi J
& \ woe o WS y
. + &
L Usg Oc8y + O2es \ A
] wsk %oe |
! 4Yyg D28y + 028s ]
] 1 | 1 — 1 1 X L i 1 1 — 1 1 1 _ 1 A1 1 \P 1 i —1|.‘..

Apmis sadway dais-3inw 001 lopiay

08

001

oct

o
v
-

091

08t

(uInsy) M




1.
« 2

13.

14.

15.

4. References (*denotes papers acknowledging ARO support)

C. S. Smith, A Search for Structure, (1981) MIT Press: Cambridge MA

G. B. Olson, "Science of Steel,” in Innovations in Ultrahigh Strength Steel
eds. G. B. Olson, M. Azrin and E. S. Wright, Sagamore Army Materials

Technology,
Research Conf. Proc.: 34th (1990) pp. 3-66.
G. B. Olson, "New Steel by Design,” L, Materials Education 11 (1989) pp. 515-528.

G. B. Oison, "Materials Design: An Undergraduate Course,"” Morris E. Fine
Symposium, eds. P. K. Liaw, J. R. Weertman, H. L. Markus, and J. S. Santer, TMS -
AIME: Warrendale, PA (1991) pp. 41-48.

T. A. Stcphcnson C. E. Campbell, and G. B. Olson, "Systems Design of Advanced
Bearing Steels," in Advanced Earth-to-Orbit Propulsion Technology 1992, eds. R. J.
Richmond and S. T. Wu, NASA Conf. Pub. 3174, Vol. II (1992) pp. 299-307.

B. Sundman, B. Jansson and J. O. Andersson, "THERMOCALC: a Thermochemical
Databank and Software System,” CALPHAD 9 (1985) 153.

Materials Design Initiative, Dept. Materials Science and Engineering, Northwestern
University, Evanston, IL.

K. C. King, P. W. Voorhees and G. B. Olson, "Solute Distribution Around a Coherent
Precipitate in a Multicomponent Alloy,” Metall, Trans, A 22A (1991) 2199-2210.

K. C. King, G. B. Olson and T. Mura, "Elastic Energy of Coherent Precipitation at
Dislocations in an Anisotropic Matrix," Proc. ARO Workshop,
Ed.J. J. Wy, T. C. T. Ting, and D. M.

Anisotropic Elasticity and Applications,
Barnett, SIAM: Philadelphia, PA (1991) pp. 103-121.

H. Hasegawa, R-H. Liarng and T. Mura, "Thermal Stress in a Half Space with a
Cylindrical Inhomogeneous Inclusion,” J, Thermal Swaesses 135 (1992) pp. 295-310.

J. 8. Montgomcry and G. B Olson "M,C Carbxde prccnpnanon in AF1410 in_

cds. G Krauss and P.E. chas ISS AIME

md.Mmmnz&mL&gdm
Warrendale, PA (1992) pp. 177-214.

A. Umantsev and G. B. Olson, "Ostwald Ripening in Multicomponent Alloys,"
Scripta Metall, Vol. 29 (1993), pp. 1135-1140.

G. R. Speich, "Secondary Hardening Ultrahigh-Strength Steel,” in Innovations in
,eds. G. B. Olson, M. Azrin and E. S. Wright,

Sagamore Army Materials Research Conf. Proc.: 34th (1990) pp. 89-112.

E. Horbogen, "Alloy Design for >3 GPA Steels," in Innovations in Ultrahigh
, eds. G. B. Olson, M. Azrin and E. S. Wright, Sagamore

Army Materials Research Conf. Proc.: 34th (1990) pp. 113-126.

A.]. Allen, D. Gavillet and J. R. Weertman, "SANS and TEM Studies of Isothermal
M,C Carbide Precipitation in Ultrahigh Strength AF1410 Steels,” Acta Metall, 42
No. 6 (1993) pp. 1869-1884.

|




16.
17.

18.

19.
20.

21.

22,

23.

24.

25.
26.
27.
28.

29.

J. S. Langer and A. J. Schwartz, Phys. Rev, A21 (1980) 948.

R Wagner and R. Kampmann, "Solid State Precipitation at High Supersaturations,”
» eds. G. B. Olson, M. Azrin

and E. S. Wright, Sagamore Army Materials Research 'Conf. Proc.: 34th (1990) pp.
209-222.

H. M. Lee, S. M. Allen and M. Grujicic, "Stability and Coarsening Resistance of M;C

Carbides in Secondary Hardening Steels,” in
eds. G. B. Olson, M. Azrin and E. S. Wright, Sagamore Army Materials

Technology,
Research Conf. Proc.: 34th (1990) pp. 127-146.
S. Bjorklund, L. F. Donaghey and M. Hillert, Acta Metall, 20 (1972) 867-874.

C. J. Kuchmann and P. W. Voorhees, "A Theory of Coarsening Kinetics in Ternary
Systems,” manuscript in preparation.

J. G. Cowie, M. Azrin and G. B. Olson, "Microvoid Formation During Shear

Deformation of Ultrahigh-Strength Steels,” in
eds. G. B. Olson, M. Azrin and E. S. Wright, Sagamore Army Materials

Technology,
Research Conf. Proc.: 34th (1990) pp. 357-382.

M. L. Schmidt and M. J. Gore, "Solution Treatment Effects in AF1410 Steel,” in
eds. G. B. Olson, M. Azrin and

Innovations in Ultrahigh Strength Stecl Technology,
E. S. Wright, Sagamore Army Materials Research Conf. Proc.: 34th (1990) pp. 407-
424.

M. J. Gore, G. B. Olson and M. Cohen, "Grain-Refining Dispersions and Properties in
Ultrahigh-Strength Steels,"” in

eds. G. B. Olson, M. Azrin and E. S. Wright, Sagamore Army Materials Research
Conf. Proc.: 34th (1990) pp. 425-442.

G. B. Olson, T. J. Kinkus and J. S. Montgomery, "APFIM Study of Multicomponent
M,C Carbide Precipitation in AF1410 Steel," Surf, Sci, 246 (1991) 238-245.

F. Larché and J. W. Cahn, Acta Metall, 21 (1973) 1051.
A. Cerezo, T. J. Godfrey and G. D. W. Smith, Rev, Sci. Instrum, 59 (1988) 862.
V. F. Zackay, E. R. Parker, D. Fahr, and R. Busch, Trans. ASM 60 (1967) 252.

R. C. Garvie, R. J. H. Hannick and C. Urbani, "Ceramic Steel,” Nature (l.ondon) 258
(1975) 703.

F. Stavehaug, "Transformation Toughening of ¥ ’ Strengthened Metastable Austenitic
Steels,” Ph.D. Thesis, MIT Dept. Materials Science and Engineering, June, 1990.

G. B. Olson, "Mechanically Induced Phase Transformations in Solids: An Update,”
» Supp. Vol. 3 (1993) Pergamon

pp. 1786-1789.




v

31

32.

33.

3s.

36.

C-C. Young, "Transformation Toughening in Phosphocarbide-Strengthened
Austenitic Steels,” Ph.D. Thesis, MIT Dept. Materials Science and Engineering, June
1988.

R. G. Stringfellow, D. M. Parks and G. B. Olson, "A Constitutive Model for
Transformation Plasticity Accompanying Strain-Induced Martensitic Transformations
in Metastable Austenitic Steels,” Acta Metal], 40 (1992) 1703-1760.

R. G. Stringfellow and D. M. Parks, "Strain-Induced Transformation Toughening in
Metastable Austenitic Steels,” in
Structures, Vol, 1, Ed. D. Firrao, EMAS Lid., Warley, UK., p. 400.

G. Ghosh and G. B. Olson, "Solid Solution Strengthening and Kinetics of Martensitic
Transformations in Fe-Base Alloys," Proc, ICOMAT-92, ed. J. Perkins, in press.

G. B. Olson, K. Tsuzaki, and M. Cohen, "Statistical Aspects of Martensitic
Nucleation,"” in Turnbull Symposium: Phase Transitions in Condensed Systems, eds.
G. S. Cargill, F. Spaepen, and K. N. Tu, MRS (1987) p. 129.

G. N. Haidemenopoulos, G. B. Olson, and M. Cohen, "stperscd -Phase
Transformation Toughening in Ultrahigh-Strength Steels,” in [nnovations in Ultrahigh

, eds. G. B. Olson, M. Azrin and E. S. Wright, Sagamore
Army Materials Research Conf. Proc.: 34th (1990) pp. 549-596.




T—VW o T T v

8. Scientific Personnel

Professor G. B. Olson, Principal Investigator

Professor T. Mura, Co-Investigator

Dr. Fu-Rong Chen, Assistant Research Professor

Dr. Gautam Ghosh, Assistant Research Professor

Dr. Alex Umantsev, Research Associate

Carol McCarus, Research Technologist

J. Van Nostrand, Director’'s Assistant

James Herman, Director's Assistant

Junghyun Cho, Graduate Student, M.S., December 1993
Kwang-Un King, Graduate Research Assistant, Ph.D., June 1990
Charles J. Kuehmann, Graduate Fellow

R-H. Liarng, Graduate Research Assistant

Jonathan S. Montgomery, Graduate Fellow, Ph.D., December 1990
P. O'Neill, Undergraduate Student

L. Ralya, Undergraduate Student, B.S., June 1992

6. Report of Inventions

None

10




——————

Appendix A

Appendix B

Appendix C

Appendix D

Appendix E

Appendix F

Appendix G

Appendix H

APPENDICES

"New Steels by Design,” G. B. Olson, J, Mater, Educ,, Vol. 11 (1989) pp. 515-
528.

"Overview: Science of Steel,” G. B. Olson, in
eds. G. B. Olson, M. Azrinand E. S. anht Proc. 34th
Sagamore Army Research Conf. (1990) pp. 3-66.

"Materials Design: An Undergraduate Course,” G. B. Olson, Morris E. Fine
Symposium, TMS (1991) pp. 41-48.

"Solute Distribution Around a Coherent Precipitate in a Multicomponent Alloy,"
K. C. King, P. W. Voorhees, G. B. Olson and T. Mura, Met, Trans. A Vol. 22A
(1991) pp. 21992210

“Elastic Energy of Coherent Precipitation at Dislocations in an Anisotropic
Matrix," K. C. King, G. B. Olson and T. Mura, in

,eds. J. Wu, T. Ting and D. Barnett, SIAM (1991) pp.
103-121.

"Thermal Stress in a half space with a cylindrical inhomogeneous inclusion,” H.
Hasegawa, R-H. Liarng and Toshio Mura, J, Them, Stresses 15 Hemisphere
Publishing Corp. (1992) pp. 295-310.

"M2C Carbxdc Prccxpnauon in AF 1410 " Erm.ﬁ_xlt&n_&jmgh_ﬁxmmﬂum,

J.S. Montgomery and G. B. Oison. eds. G. Krauss and P. E. Repas, 1SS-AIME,
Warrendale, PA, (1992) pp. 177-214.

"Ostwald Ripening in Multicomponent Alloys,” A. Umantsev and G. B. Olson,
Scripta Metall, Vol. 29 (1993) pp. 1135-1140.

11




APPENDIX A

J. Mater. Educ., Vol. 11, pp. 515-528, 1989.

NEW STEELS BY DESIGN®

- G.B. Olson
Department of Materials Science and Engineering

Northwestern University
Evanston, IL 60208-3108

INTRODUCTION

Research presented here is part of the multi-institutional Steel
Research Group program involving the participants listed in Figure 1.
We will focus in particular on developments in ultrahigh-strength
martensitic alloy steels (Program A) which are motivated by the ultimate
mechanical property objectives shown in the plot of Kjc fracture
toughness vs. strength level in Figure 2. Moving from the lower band
of commercially available properties to the objective band shown would
allow a substantial increase in the useable strength level of ultrahigh-
strength steels in advanced structural applications. However, it is
important as well to achieve a similar improvement in stress-corrosion
resistance represented by the Kiscc.

Our approach to this is not only to determine the scientific
principles controlling the properties of interest, but 1o develop methods
of integrating this understanding within an engineering systems desigr
framework. Figure 3 represents our view of a steel as a system,

* This paper was presented at the Materials Research Society Annual Meeting,
Symposium XTV, "New Frontiers of Materials Research,” Boston, November

(1989).
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FIG. 2

Fracture toughness vs. strength (hardness) showing A program
objectives relative to commercial ultrahigh-strength steels.

represented by a set of microstructural subsystems as defined from the
viewpoint of the particular set of properties that we wish to control, and
showing their interconnections with the stages of processing that
influence them. We will here examine developments in (a) the control
of kinetic phase competition for precipitation strengthening without
embrittlement, (b) the control of precipitation of metastable austenite
dispersions for transformation toughening, and (c) the electronic level
control of intergranular cohesion for hydrogen stress-corrosion
resistance.

Journal of Materials Education 11584
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STRENGTHENING

The objective of precipitation strengthening is to achieve the finest
possible dispersion of MsC alloy carbides at completion of the
precipitation reaction. Completion is important in order to eliminate the
transient iron-based cementite, which limits fracture toughness!; and
since the desired carbide is metastable, it is also important to reach that
completion prior to the precipitation of equilibrium carbides such as
MgC which form on grain boundaries and limit fracture toughness
(Figure 3). Toward that end we have conducted an extensive study of
M,C carbide precipitation in AF1410 steel, which is summarized by the
plots vs. tempering time of Figure 4, showing the evolution of (a)
particle size, number density, and volume fraction determined primarily
by small-angle neutron scattering (SANS),2 (b) the carbide lattice
parameters determined by electron diffraction,3 and (c) the carbide
composition trajectory determined at short times by atom-probe
microanalysis45 and at longer times by STEM.6 The overall features
are consistent with theoretical predictions’ for behavior at very high
supersaturations where a competition at carly times between nucleation
and coarsening phenomena lead to a suppressed growth behavior,
which is very useful for achieving the finest possible dispersion. Under
these conditions, the scaling factor determ ing the size scale
corresponds to the initial critical nucleus size ~hich in turn scales
inversely with the precipitation thermodynamic driving force. The
composition trajectory shows major departures from equilibrium,; these
compositions, together with the associated lattice parameter shifts,
indicate that precipitation begins in a fully coherent state. Therefore, to
treat the thermodynamics we must take into account the composition-
dependent elastic energy associated with particle coherency. To do this
in complex multi-component alloys, we use the THERMOCALC
thermochemical database and software system8 modified to incorporate
the elastic energy effects.?

Based on our experience with the AF1410 alloy, we have used the
thermodynamics to explore possible new higher-strength compositions
for this class of steel using the type of precipitation driving force map10
shown in Figure 5. This shows for a fixed Co, Ni and C content,
contours vs. Cr and Mo content, of the driving force for (a) the
equilibrium MgC carbide and (b) the desired metastable coherent MaC
carbide. Our experience with alloys along the dashed straight line in
Figure Sa indicates that a threshold driving force for intergranular
embrittlement by the equilibrium MgC carbide is 15kJ/mole. This then

Journal of Maserials Education 11588
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M2C precipitation behavior in AF1410 steel
(Fe-14Co-10Ni-2Cr-1Mo-0.16C) at 510°C.

gives a composition constraint: we must stay to the left of this contour,
which is superimposed as a dashed line in Figure 5b. Subject to this
constraint, we can then find a unique composition which maximizes the
driving force for the desired coherent M2C carbide and gives the most

Journal qf Materials Education 1 1(58:8
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efficient strengthening. In parallel with these thermodynamic
calculations, an empirical alloy development program at Carpenter Steel
has actually arrived at a composition very similar to this and shown
substantially improved mechanical properties. !

TRANSFORMATION TOUGHENING

To achieve further enhancement of fracture toughness we can
control the simultaneous precipitation of metastable austenite during
tempering, in order to achieve transformation toughening phenomena.
This we have studied initially in AF1410 steel as summarized in
Table 1.1! We find that standard tempering at 510°C at 5-8 hrs
provides precipitation of 3-6% austenite on the lath boundaries of the
martensite at a size scale of about 0.1y, and with a composition only
slightly enriched with N1. Our experiments show that this is not
sufficiently stable to give optimum transformation toughening, and our
transformation kinetic models predict that we can obtain optimal stability
by decreasing the particle size and further enhancing the Ni content.

TABLE 1
AF1410 precipitated-austenite transformation toughening,

510°C/Sh 510°C/8h 600°C/15 min + 510°C/8h

Y-microstructure

Composition
interlath (0.1-0.2um) 14Ni-13Co-3Cr  17Ni-15C0o-4Cr
intralath (100-200A) - 29Ni-10.5Co-4Cr
Y 0.03 0.06 0.15
Properties
Hardness Rc48 RA6 RA8
Yield strength 1550 MPa 1360 MPa 1370 MPa
Jic wughness 178 KIm2 201 kI/m? 250 kJ/m?2

In seeking ways to do this, we discovered experimentally that

insertion prior to the final standard tempering of a higher temperature
short time treatment (600°C, 15 min) allows the nucleation within the

martensite laths of a finer 100A dispersion of highly Ni enriched
austenite which has compositions near equilibrium predictions. This

Journal ¢f Materials Education 1 1(38:6
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very fine, high Ni austenite is at the optimum stability giving the
mechanical properties summarized in Table<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>